To gain insights into the functions of a viral RNA replicase, we have assembled in vitro and entirely from nonplant sources, a fully functional replicase complex of Tomato bushy stunt virus (TBSV). The formation of the TBSV replicase required two purified recombinant TBSV replication proteins, which were obtained from E. coli, the viral RNA replicon, rATP, rGTP, and a yeast cell-free extract. The in vitro assembly of the replicase took place in the membraneous fraction of the yeast extract, in which the viral replicase-RNA complex became RNase-and proteinase-resistant. The assembly of the replicase complex required the heat shock protein 70 (Hsp70 ‫؍‬ yeast Ssa1/2p) present in the soluble fraction of the yeast cell-free extract. The assembled TBSV replicase performed a complete replication cycle, synthesizing RNA complementary to the provided RNA replicon and using the complementary RNA as template to synthesize new TBSV replicon RNA.
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hsp70 ͉ RNA-dependent RNA polymerase ͉ viral replicase ͉ virus replication ͉ yeast cell-free extract R eplication of plus-strand (ϩ)RNA viruses is driven by the viral replicase complex in the infected cells. The viral replicase complex assembles on intracellular membrane surfaces from viral replication proteins, the recruited viral RNA and a set of coopted host proteins. This is followed by complementary (Ϫ)-strand synthesis and the production of excess amounts of new (ϩ)RNA progeny, which is released from the site of replication to the cytosol (1, 2) . Despite its key significance in all RNA virus infections, the composition of the viral replicase complex is not yet fully revealed and the mechanism of assembly is poorly understood (3, 4) . Dissection of the functions of the viral and host proteins in the replicase complex would be greatly facilitated by an in vitro approach that leads to the assembly of functional viral replicase complex composed at least partially of defined components.
The major difficulties in achieving in vitro assembly are related to the complex composition of the viral replicase and the requirement for activation of the viral RNA-dependent RNA polymerase (RdRp) during the assembly of the viral replicase in membraneous structures, as evidenced by results with p92 pol of Tomato bushy stunt virus (TBSV), 2a pol of Brome mosaic virus (BMV), P2 of Alfalfa mosaic virus (AMV), 180K of Tomato mosaic virus (ToMV), and the hepatitis C virus (HCV) NS5B. Most of our knowledge on viral RdRps is based on detergent-solubilized, ribonuclease treated (to remove the endogenous viral RNA), template-dependent viral replicase preparations, which are mostly capable of initiation, elongation, and termination of complementary RNA synthesis or RNA recombination (5-7). These replicase preparations are incapable of performing full replication cycle, show less stringent template specificity than in vivo viral replicases, and use exogenously added RNA templates inefficiently. In addition, cell-free replication assays using extracts obtained from noninfected cells, which are based on coupled translation/replication, have also been used to study viral replicases, including poliovirus, ToMV and TBSV (8) (9) (10) (11) (12) .
The tombusvirus replicase is among the best-characterized for (ϩ)RNA viruses due to the development of in vitro assays and yeast as a model host (13) (14) (15) (16) (17) . Replication of tombusvirus RNA depends on two viral-coded factors, namely p92 pol RdRp and an auxiliary replication protein, termed p33. These viral proteins in combination with 4-10 host proteins and cellular (e.g., peroxisomal) membranes assemble the viral replicase complex in the yeast model host (18, 19) . The list of identified host proteins within the functional replicase includes Ssa1p and Ssa2p (heat shock protein 70, Hsp70), whose down-regulation leads to markedly reduced replication (13) . In addition, glyceraldehyde-3-phosphate dehydrogenase (GAPDH, coded by TDH2 and TDH3 genes in yeast) has been shown to bind to the minus-stranded TBSV RNA and regulates plus-strand synthesis (20) . Moreover, Cdc34p ubiquitin-conjugating enzyme has been identified as a component of the replicase complex and is involved in ubiquitination of the p33 replication cofactor (21) . It is currently not known whether the above host factors might affect the assembly of the viral replicase complex.
In this article, we used purified recombinant TBSV p92 pol and p33 replication proteins from a nonplant source in combination with a surrogate viral RNA template to reconstitute the active TBSV replicase in vitro. The in vitro assembly of the functional tombusvirus replicase required rATP and rGTP and the membranous fraction and Ssa1p (Hsp70). We show that the in vitro assembled TBSV replicase can be used to recapitulate many steps of the replication process.
Results
In Vitro Reconstitution of the Functional TBSV Replicase. The recombinant TBSV p92 pol alone or mixed with recombinant p33 replication cofactor is not a functional RdRp in vitro in the presence of a viral RNA template [termed DI-72(ϩ) repRNA and derived by deletion from the TBSV genomic RNA, Fig. 1F ] (Fig. 1 A, lanes 12 and 13) (14, 22) , suggesting that the host cells might provide additional factors to assemble the functional replicase complex. To test whether assembly of the TBSV replicase complex can be stimulated by components of the host cell, we added purified recombinant TBSV p92 pol and p33 replication proteins (both proteins were purified from E. coli), as well as DI-72(ϩ) repRNA to a cell-free extract prepared from untransformed yeast. We observed that the in vitro formed TBSV replicase supported the synthesis of 32 P-labeled full-length repRNA in this replicase assay ( Fig. 1 A, lane 1) , suggesting that the viral replicase successfully assembled under the in vitro condition. The control assays lacking either p33 (lanes 2 and 3) or p92 pol (lanes 4 and 5) did not give 32 P-labeled full-length DI-72 RNA product, excluding the possibility that the yeast cell-free extract contained a terminal transferase or an RNA polymerase that would be responsible for nonspecific labeling of the TBSV repRNA. Similarly, the combination of a defective p33 mutant (i.e., p33C with deletion of the N-terminal half of p33) and the full-length p92 pol (Fig. 1B, lane 2) or the full-length p33 and a nonfunctional p92 pol mutant (i.e., p92C with deletion of the N-terminal sequence of p92 pol that overlaps with p33) (lane 3)
did not support TBSV RNA synthesis, confirming previous findings from in vivo experiments that these regions of p33 and p92 pol are essential for a functional viral replicase (1) . Based on these data, we conclude that a cell-free extract prepared from wild-type (wt) yeast can provide the missing factors for the assembly of the TBSV replicase if recombinant p33 and p92 pol are provided. To investigate the polarity of the synthesized viral RNA products by the in vitro formed TBSV replicase, we analyzed the accumulation of plus-versus minus-stranded repRNA products via RNA hybridization using the 32 P-labeled repRNA products from the cell-free extract programmed with (ϩ)repRNA and recombinant p33/p92 pol as a probe against equal amounts of unlabeled DI-72(ϩ) and (Ϫ)RNA transcripts blotted on the membrane (Fig. 1C) . This assay revealed that majority of the new repRNA products made by the in vitro assembled replicase is plus-stranded. The (ϩ):(Ϫ) ratio was estimated to be 45:1 (Fig. 1C) , which is comparable with the ratio obtained with the plant-and yeast-derived membrane-bound tombusvirus replicases (14) .
To test further whether the in vitro assembled replicase is capable of a complete cycle of replication using the (ϩ)repRNA as template, we isolated double-stranded (ds) RNA products from the in vitro assays. We found that Ϸ5% of newly synthesized repRNA products were in dsRNA form after phenol-chloroform extraction (Fig. 1D, lane 1) , and these were readily denatured by heat treatment (lane 2). Moreover, 95% of the newly made RNA products were sensitive to S1 single strand-specific RNase (Fig. 1D,  lanes 3 and 4) , indicating that the majority of the RNA products from the in vitro assay is single-stranded (ϩ)repRNA. These data suggest that a small fraction (2.5-5%) of the newly synthesized RNA is (Ϫ)repRNA, whereas the vast majority of new RNA is (ϩ)-stranded, demonstrating that the in vitro formed replicase is capable of a full-cycle of asymmetrical replication on the added (ϩ)repRNA.
Time course experiments revealed that the assembly of the functional replicase took place in 40-to-60 min (Fig. 1E , lanes 3 and 4) and RNA synthesis was the most efficient between 60-160 min (lanes 4-9). Incubations of Ͼ3 h did not lead to further RNA synthesis, suggesting that the in vitro incubation mixture accumulates only one (Ϫ)repRNA template per replicase complex, which directs synthesis of new (ϩ)repRNA molecules, but the latter do not seem to direct a new cycle of replication.
To characterize the template-specificity of the TBSV replicase complex assembled in vitro, we tested various RNA templates. (23, 24) and inhibits replicase assembly in vivo (14, 25) , also blocked repRNA replication in vitro in the replicase reconstitution assay. This finding supports the idea that RNA recruitment is also required under the in vitro conditions. In addition, the (Ϫ)repRNA and the heterologous satC(ϩ) RNA (Fig. 1F) (26) , which cannot initiate replication by the TBSV replicase in vivo (1), were not used as templates in our in vitro assay containing the cell-free extract and recombinant p33/p92 pol . Testing the highly recombinogenic DI-⌬69RII(ϩ), which lacks the 5Ј terminal 238 nt of the 621-nt long DI-72 (27) , revealed the emergence of recombinant (head-to-tail dimer-sized) 5) , to the membrane fraction (lanes 6 -8) , to the soluble fraction of the yeast cell-free extract (lanes 9 -11) or to the buffer only (lanes [12] [13] [14] . The denaturing PAGE analysis of the 32 P-labeled repRNA products obtained is shown. The full-length repRNA is pointed at by an arrow, whereas the small amount of repRNA product, which is likely due to small level of membrane contamination in the soluble fraction, is marked by an asterisk. (B) Testing the effect of mutations in p33 and p92 pol on the activity of the reconstituted TBSV replicase. The denaturing PAGE analysis of the replicase products is as shown in Panel A. Note that p33C lacks the N-terminal portion important for membrane binding, whereas p92C lacks the entire N-terminal portion that overlaps with p33. (C) The 32 P-labeled RNA products obtained with the in vitro assembled TBSV replicase programmed with DI-72(ϩ) repRNA were used as probes to hybridize with equal amounts of unlabeled DI-72(ϩ) and (Ϫ)RNAs, which had been spotted on the membrane in patterns resembling the shape of ''ϩ'' and ''ʈ'', respectively. The ratio of (ϩ) and (Ϫ) RNA products was calculated by using Imagequant software. (D) Detection of single-and double-stranded RNA products produced by the reconstituted TBSV replicase. (Left) The nondenaturing PAGE shows the dsRNA product after phenol-chloroform extraction (lane 1), which can be fully denatured at 85°C (lane 2). (Right)Denaturing PAGE analysis of the products obtained in the in vitro reconstitution assay without treatment (lane 3) or after S1 nuclease treatment (lane 4), which removes the ssRNA, but not the dsRNA product. recRNA represents recombinant RNAs generated from (ϩ)repRNA (27) . RNAs (Fig. 1F, lane 3) . Similar recombinants are also generated in yeast cells and in plant protoplasts as well (27) . Our observations of template specificity and production of recombinant RNAs by the in vitro-assembled replicase suggests that in vitro reconstitution in the cell free extract leads to the formation of an authentic TBSV replicase.
Requirement for a Soluble Factor for the in Vitro Assembly of the Functional TBSV Replicase. Next, we have tested whether the membrane or soluble fractions of the yeast extract were sufficient to facilitate the reconstitution of the TBSV replicase in vitro. The membrane fraction of the yeast extract did not support replication in the presence of purified recombinant TBSV p92 pol /p33 and DI-72(ϩ) repRNA (Fig. 1 A, lane 6 ), suggesting that a soluble factor(s) is essential for the assembly of the TBSV replicase. Similar experiment with the soluble fraction of the yeast extract revealed trace amount of replicase product ( Fig. 1 A, lane 9) , which is likely due to contamination of the soluble fraction with small amount of broken membrane fragments. Overall, these experiments indicated that both the soluble and the membrane fractions contain host components that are needed for the in vitro formation of the TBSV replicase.
Requirement for rATP and rGTP During the in Vitro Reconstitution of the TBSV Replicase. To further test factors affecting the in vitro formation of the TBSV replicase, we developed a stepwise procedure. In step 1, we added the purified p33, p92 pol , and DI-72(ϩ) repRNA in combination with a mixture of unlabeled ribonucleotides to the yeast cell-free extract ( Fig. 2A) . After 1-h incubation (step 2), we collected the membrane fraction of the cell-free extract that likely contained the assembled TBSV replicase complex, while we discarded the soluble fraction containing residual purified p33, p92 pol , and DI-72(ϩ) repRNA, which have not yet associated with the membranes. In step 3, we performed a standard replicase assay in the presence of the membrane fraction from step 2 and 32 Plabeled UTP and the other ribonucleotides for 3 h. These experiments revealed membrane-bound TBSV replicase formation when all four ribonucleoside triphosphates (Fig. 2B, lane 9) or combination of rATP and rGTP (Fig. 2 A, lane 1) were supplied at step 1, based on the appearance of activity at step 3. We observed only low level of replicase activity when rUTP, rGTP, rCTP, or rATP were supplied separately or in combination (rATP/rCTP) at step 1 ( Fig. 2 A, lanes 2-6) . Altogether, the assembly of the viral replicase does not seem to require minus-strand synthesis (which would occur only if all four rNTPs are present), but the assembly seems to require rATP and rGTP to stimulate a currently unknown process.
Because replication of TBSV takes place in spherules formed in membranous compartment of the peroxisome (28), we wanted to test whether the reconstituted replicase complex after step 1 becomes protected from RNases or proteases. After performing step 1 for 1 h in the presence of purified p33, p92 pol , and DI-72(ϩ) repRNA and various combination of ribonucleotides in the yeast cell-free extract, we treated the extract with micrococcal nuclease or proteinase K for 15 min, followed by removal of these reagents in step 2 (Fig. 2B) . Then, we performed the replicase assay (step 3) in the presence of 32 P-labeled UTP and the other ribonucleotides for 3 h. These experiments revealed that the replicase assembled in vitro in step 1 was protected from micrococcal nuclease and proteinase K if the assembly took place in the presence of A/C/G/U or A/G ribonucleotides (Fig. 2B, lanes 1, 2, 5, and 6 ). These data suggest that the TBSV replicase can assemble in vitro in the membranous compartment into an RNase/protease-insensitive complex in the absence of minus-strand synthesis.
To test whether the in vitro formation of the TBSV replicase leads to a stable complex, similar to the situation when the assembly takes place in vivo, we have affinity purified the TBSV replicase complex from the yeast cell-free extract after nonionic detergentbased solubilization (Fig. 3A) (14, 25) . Because of the loss of the endogenous RNA template during the affinity purification, we have tested the solubilized and affinity purified replicase with added DI-72(Ϫ) repRNA template. We used (Ϫ) polarity rather than (ϩ) polarity template to prevent a possible activation of the solubilized replicase, and because DI-72 (Ϫ)RNA is an efficient template for the solubilized/purified replicase in vitro (14) . We found that the solubilized/purified TBSV replicase preparation was active only when purified from the yeast cell-free extract containing p33, p92 pol , and DI-72(ϩ) repRNA and rATP and rGTP (Fig. 3B, lanes  3 and 4) . The obtained 32 P-labeled RNA products included the correct 3Ј terminal and internal initiation products as well, suggesting that the solubilized/purified replicase from the reconstitution assay lost its precision during initiation as observed with solubilized replicases from plants and yeast (14) . Importantly, the purified replicase was not active when obtained from the reconstitution assay lacking (ϩ)repRNA (Fig. 3B, lane 1) , suggesting that, similar to the in vivo situation (14, 25) , the viral (ϩ)repRNA was required for obtaining active purified TBSV replicase complex (Fig. 3B, lane  3) . Moreover, mutant DI-72(ϩ)C 99 G, which is deficient in binding to p33 and in recruitment for replication, did not support the assembly of an active TBSV replicase in the reconstitution assay (Fig. 3B, lane 2) , confirming previous in vivo findings (14, 25) . Based on these data, we conclude that the TBSV replicase purified from the in vitro reconstitution assay maintains its activity after solubilization/purification with exogenous RNA templates, but shows reduced precision during initiation. Critical role for ribonucleotides during the reconstitution of the TBSV replicase. (A) A stepwise approach was used to separate the possible role of ribonucleotides during the assembly of the TBSV replicase and during RNA synthesis. In step 1, the purified recombinant TBSV p33, p92 pol and (ϩ)repRNA were added to the cell-free extract in the presence of various unlabeled ribonucleotides as shown. This was followed by removal of the extra amount of p33, p92 pol and repRNA, which were not bound to the membranes of cell-free extract, and then by the standard replicase assay in a buffer containing 32 P-UTP and ATP, CTP, and GTP (step 3). The denaturing PAGE analysis of the 32 P-labeled repRNA products obtained is shown. (B) The in vitro assembled TBSV replicase forms a protease/ribonuclease-resistant structure in the yeast cell-free extract. The in vitro reconstitution in the presence of various ribonucleotides was done in three steps as described in A. Note that we applied a 15-min treatment with either proteinase K or ribonuclease (micrococcal nuclease) at the end of step 1, before centrifugation (step 2), which removed the proteinase K and the ribonuclease as well as the extra amount of p33, p92 pol , and repRNA not bound to the membranes in the cell-free extract. The denaturing PAGE analysis of the 32 P-labeled repRNA products obtained is shown.
Hsp70 Proteins Ssa1p and Ssa2p
Are Required for the In Vitro Reconstitution of the TBSV Replicase. Because the above experiments indicated that rATP/rGTP as well as a soluble (i.e., cytosolic) host factor are required for the in vitro formation of the TBSV replicase, we predicted that Ssa1/2p Hsp70 could be the required cytosolic host factor. The prediction was based on our earlier finding that Ssa1/2p were part of the highly purified tombusvirus replicase complex (13) . To test this idea, we have prepared the cell-free extract from a yeast strain (ssa1 ssa2) lacking functional, constitutively expressed Hsp70 genes (29) . The in vitro reconstitution assay based on the cell-free extract from ssa1 ssa2 strain resulted in a TBSV replicase with diminished activity (Ϸ22%) when compared with the cell-free extract prepared from wt yeast (Fig. 4A, compare  lanes 3 and 6) . This finding supported the involvement of Ssa1/2p in the in vitro assembly of the TBSV replicase.
To obtain more direct evidence for the involvement of Ssa1/2p in the replicase assembly, we used the membrane fraction of the cell-free extract from wt yeast, which is incompetent in the vitro reconstitution assay (Fig. 1 A, lane 6) . However, the addition of FLAG-affinity purified Ssa1p to the reconstitution assay with the membrane fraction of the cell-free extract resulted in the assembly of the functional TBSV replicase in vitro (Fig. 4B, lane 5) , which was as active as the replicase assembled in the presence of the combined membrane ϩ soluble fractions (lane 7). Moreover, the relative activity of the TBSV replicase assembled in the membrane fraction correlated with the amount of Ssa1p added to the assay (Fig. 4B,  lanes 1-3) .
Even more convincing evidence on the role of Ssa1p in the reconstitution of the active TBSV replicase was obtained by using loss-of-function Ssa1p mutants. Indeed, two Ssa1p mutants deficient in ATP hydrolysis (30) could not facilitate the assembly of the TBSV replicase in the vitro reconstitution assay (Fig. 5A, lanes 3  and 4) , suggesting that functional Ssa1p is required to assist the assembly of the TBSV replicase. These data in combination with the negative results obtained with the FLAG peptide (Fig. 4B, lane  4) , which was purified from yeast using the same method used for Ssa1p, excludes the possibility that a nonspecific contaminating protein(s) was responsible in assisting the assembly of the TBSV replicase in vitro.
Another approach to demonstrate the critical role of ts Ssa1p in TBSV replicase assembly in vitro was based on a temperaturesensitive (ts) mutant. The FLAG-affinity purified tsSSA1p was almost as efficient as the wt Ssa1p in assisting TBSV replicase assembly in the reconstitution assay at 20°C (Fig. 5B, lanes 1 and 2) , whereas the ts Ssa1p did not assist the assembly at 30°C at all (lanes 5 and 6). Based on the above data with loss-of-function Ssa1p mutants, we conclude that Ssa1p Hsp70 protein is required for the assembly of the TBSV replicase.
Discussion
In vitro assembly of the TBSV replicase requires viral and host proteins, rATP/rGTP as well as cellular membranes. We have successfully assembled in vitro a plus-strand RNA virus replicase, namely the TBSV replicase, using purified recombinant viral proteins expressed in E. coli, viral RNA transcript, ribonucleotides and a yeast cell-free extract (Fig. 1) . Whereas the full-length TBSV p33 and p92 pol replication proteins were functional together, p92 pol was an inactive RdRp in the absence of p33 in the reconstitution assay. Also, truncated versions of p33 and p92 pol were not functional, similar to their behavior in yeast cells. These findings confirm that both p33 and p92 pol are essential replication proteins. Moreover, the in vitro assembled TBSV replicase seems to recapitulate the features of the in vivo viral replicase.
In addition to the viral replication proteins, the in vitro formation of the TBSV replicase depended on other factors as well. As expected, cellular membranes, which are also part of viral replicases (A) A schematic presentation of the in vitro assay. The reconstitution assay contained the cell-free extract, the MBP-affinity purified recombinant TBSV p33 and p92 pol , various (ϩ)repRNAs as well as various unlabeled ribonucleotides as shown in B. After 1-hour reconstitution, the membrane-bound replicase was solubilized with Triton X-100/SB3-10 detergent, followed by purification on Ni-column of the 6xHis/MBP-tagged p33, which is integral part of the replicase complex. The activity of the affinity-purified TBSV replicase was tested on DI-72(Ϫ) RNA added to each sample using the same amount of RNA. (B) The denaturing PAGE analysis of the 32 P-labeled DI-72(Ϫ) RNA products obtained with the solubilized and purified TBSV replicase is shown. Note that the purified, template-dependent TBSV replicase initiates RNA synthesis precisely from the 3Ј end (the product labeled as ti) as well as imprecisely at internal positions on DI-72(Ϫ) RNA (indicated as ii products). forming spherules or vesicles in infected cells (3, 31) , were also essential for the formation of the functional replicase. The membrane is not only important structurally by giving a boundary to the replicase complex, but also functionally during viral RNA synthesis. Accordingly, removal of the membrane structure by solubilization with nonionic detergents and purification results in replicases that have different features from the membrane-bound replicases, including reduced template specificity, ability to synthesize only the complementary RNA, efficient 3Ј-terminal extension, and high frequency of template switching (recombination) (5) (6) (7) 19) . Altogether, the TBSV replicase assembled in vitro shows remarkably similar features with the in vivo replicase, much more so than the widely used solubilized/purified replicase.
Cytosolic Hsp70 Is Required for the Reconstitution of the TBSV
Replicase. The in vitro formation of the TBSV replicase also required the cytosolic (soluble) fraction of the yeast cell-free extract, suggesting that a host protein(s) might be present in this fraction. Accordingly, we have found that Ssa1p Hsp70 protein chaperone was required for the reconstitution of the TBSV replicase. Ssa1p/Ssa2p is part of the tombusvirus replicase complex and it is required for TBSV replication in yeast (13) and in plant host, too (R.Y.-L. Wang, J.S., and P.D.N., unpublished work). Based on these observations, we propose that Hsp70 assists the assembly of the TBSV replicase both in vivo and in vitro. The rATP-hydrolysis function of Ssa1p is required for the assembly, suggesting that Ssa1p is likely involved in refolding the components of the viral replicase during the in vitro reconstitution. Accordingly, rATP has to be added to the in vitro reconstitution assay, likely to stimulate the activity of Ssa1p, which is driven by rATP hydrolysis (32) . We have also found that rGTP is required for efficient assembly, although we do not know yet the significance of rGTP during the assembly steps. It is unlikely that rATP/rGTP are required for the initiation of minus-strand synthesis, because minus-strand synthesis starts with 5Ј-GGGCU. (33) , so only the first three nucleotides of the minusstrand could be synthesized by the replicase in the presence of rATP/rGTP.
The heat shock chaperone family, including Hsp70, the J-domain group, and Hsp90, is a major group of host factors implicated in replication of plus-stranded (e.g., HCV), minus-stranded RNA viruses (influenza and vesicular stomatitis virus), retroviruses (HIV), hepatitis B virus and other RNA viruses (34) (35) (36) (37) (38) (39) (40) (41) (42) . The polymerase of respiratory syncytial virus (RSV) has been shown to colocalize with Hsp70 to lipid-raft membranes and virus-induced inclusion bodies (34) . Moreover, additional members of the heat shock protein family were shown to be important for stimulation of polymerase activity of Influenza virus (37), enhancement of Flock house virus and BMV replication (43) , activation of reverse transcriptase for hepadnaviruses (44) , or involved in the assembly of closterovirus virions (45) . The induction of robust expression of subset of Hsp70 genes by various plant viruses has been observed, suggesting that cytosolic Hsp70 proteins could affect stability/ function of viral proteins during infections (46, 47) . Therefore, Hsp70 and cofactors might play roles in assembly of viral replicases as shown for TBSV in this work.
Remarkable Features of the in Vitro Assembled TBSV Replicase. The in vitro reconstituted TBSV replicase not only shows the advantages of the solubilized/purified replicases, such as de novo initiation of RNA synthesis, recombination and so on, it also has several remarkable features. These include high template specificity, which leads to the in vitro replication of the TBSV (ϩ)RNA, but not mutated or heterologous viral RNAs, which are also defective in replication in vivo. The in vitro formed TBSV replicase is also capable of full RNA replication, including asymmetrical RNA synthesis, which leads to the production of approximately 30-40-fold more (ϩ)-then (Ϫ)RNAs (Fig. 1D) . Moreover, the in vitro assembled TBSV replicase and its RNA content is remarkably resistant against single-strand specific ribonuclease and a protease, suggesting that the membranes present in the yeast extract can facilitate the formation of protected replicase structures, unlike the solubilized/purified replicases.
Conclusion.
The efficient in vitro formation of the TBSV replicase makes it suitable to study viral and host factors affecting the assembly of the replicase, the nature of high template specificity, and the asymmetrical, complete cycle of replication. This progress allows to gain more insights into the mechanistic features of replicase complexes of (ϩ)RNA viruses, which are primary targets for antiviral approaches.
Materials and Methods
Preparation of the Cell-Free Yeast Extract. Cell-free yeast extract was prepared according to (12) , except that untransformed BY4741 yeast grown in YPD media was used for the preparation of the extract.
Replication Assay By Using the Cell-Free Extract. The replication assay was done according to (12) , except that the reaction mix contained 50 mM potassium acetate and 0.5 g recombinant TBSV MBP-p33 and/or TBSV MBP-p92. For fractionation of the cell-free extract, the extract was centrifuged at 4°C for 10 min to separate the ''soluble'' (supernatant) and ''membrane'' (pellet) fraction (21,000 ϫ g). To remove possible contaminating soluble proteins, the pellet was washed with buffer A (30 mM Hepes-KOH pH 7.4, 100 mM potassium acetate, and 2 mM magnesium acetate) followed by centrifugation at 4°C for 10 min and resuspension of the pellet in buffer A. Nickel-affinity 
